We have used high resolution NMR and thermodynamics to characterize the secondary structure and stability of the selenocysteine insertion sequences (SECIS) of human glutathione peroxidase (58 nt) and thioredoxin reductase (51 nt). These sequences are members of the two classes of SECIS recently identi®ed with two distinct structures capable of directing selenocysteine incorporation into proteins in eukaryotes. UV melting experiments showed a single cooperative and reversible transition for each RNA, which indicates the presence of stable secondary structures. Despite their large size, the RNAs gave well resolved NMR spectra for the exchangeable protons. Using NOESY, the imino protons as well as the cytosine amino protons of all of the Watson±Crick base pairs were assigned. In addition, a number of noncanonical base pairs including the wobble G.U pairs were identi®ed. The interbase-pair NOEs allowed de®nition of the hydrogen-bonded structure of the oligonucleotides, providing an experimental model of the secondary structure of these elements. The derived secondary structures are consistent with several features of the predicted models, but with some important differences, especially regarding the conserved sequence motifs.
INTRODUCTION
Selenium is an essential trace element required for normal growth and cellular functioning (1±3). Both de®ciency and excess of Se lead to diseases or toxicity, and the margin between de®ciency and toxicity is very narrow (4±6). The nutritional requirement of Se is associated with several critical enzymes involved in cellular redox processes. These include thioredoxin reductase (TrxR) and glutathione peroxidase (GPX) amongst others. These selenoproteins and TrxR, in particular, have been implicated in tumor suppression in mammals possibly via their effect(s) on redox control of cell cycle proteins, growth-promoting transcription factors and/or apoptosis (7±15).
The biologically active form of selenium in proteins is the twenty-®rst amino acid selenocysteine (SeC), which forms an essential part of the active site of mammalian TrxR and GPX (10) . The biosynthesis of selenoproteins such as TrxR and GPX involves the insertion of SeC during translation by decoding the UGA stop codon in the appropriate context using the special charged tRNA sec . This tRNA is charged initially with serine, and is then converted enzymatically to SeC using selenophosphate. Decoding UGA requires interaction of the translation machinery with additional factors. In prokaryotes, the general features of the decoding system have been elucidated. The multidomain translation elongation factor SelB recognizes a conserved GU sequence within a stem±loop structure immediately 3¢ to the UGA codon, which helps recruit the charged tRNA sec (16±19).
In eukaryotes, the decoding system is more complex and involves at least two proteins, one recognizing the tRNA (mSelB/eEF Sec ), and the other(s) (e.g. SBP-2) interacting with a sequence in the 3¢ untranslated region (UTR) of the mRNA transcript more than a kilobase downstream from the stop codon (20) . This region of the 3¢UTR, called the selenocysteine insertion sequence (SECIS), has a minimal functional size of 50±60 nt (21±24). This sequence is longer than the bacterial counterpart (18) . Only a few short sequences, such as AA, AUGA and GU, are conserved between the SECIS of different selenoprotein genes. However, all SECIS elements appear to have extensive internal sequence complementarity such that Watson±Crick base-paired stem±loop structures are expected to form. Indeed, RNA folding algorithms consistently predict structures that contain two helical regions and an apical loop (21,24±27) . The conserved AA residues lie in the 5¢ side of the apical loop, and AUGA and UG bases lie close together on opposite sides of a helical stem. Modeling work in conjunction with chemical and enzymatic digestion experiments have also indicated that the SECIS element may contain novel G.A mismatches at the base of the helical stem, of the type found in GNRA hairpin loops (26) . The size of the apical loop and the location of the conserved AA residues led to a proposal that there are two functional forms of SECIS, which can be experimentally interconverted by appropriate mutations (21) . More recently, the conservation of these bases and the ability to form stem±loop structures of a certain length has been used to search for selenoproteins in a variety of genomes (27) . This study found several new mammalian selenoprotein genes containing SECIS elements that, in some instances, were predicted to have signi®cantly different secondary structures (27) .
However, no direct structural characterization of SECIS has been reported. The elucidation and comparison of SECIS secondary structures is crucial for understanding the regulation of SeC incorporation. We have synthesized milligram quantities of the functional SECIS sequences for both human GPX and human TrxR. These two sequences are predicted to belong to two distinct classes of SECIS elements (21) and have the potential to form tandem G.A mismatched base pairs (26) . Although the SECIS elements are large by NMR standards (51 and 58 nt), the imino proton region of the spectrum should be highly informative regarding the presence of stable Watson±Crick base pairs and other H-bonded structures (28±30). Two-dimensional NMR spectroscopy at high (14.1 T and 18.8 T) magnetic ®eld strengths was employed to de®ne the features of the secondary structure of the two SECIS, including the formation of the mismatched base pairs, which was compared with their thermodynamic stability obtained from UV melting and hydrodynamic properties by analytical ultracentrifugation.
MATERIALS AND METHODS

RNA synthesis
The SECIS RNA sequences for the TrxR and GPX genes are as follows: a 58 nt human cytoplasmic glutathione peroxidase SECIS (24) 5¢ guc cau gaa guc acc agu cuc aag ccc aug ugg uag gcg gug aug gaa caa RNA was enzymatically synthesized in vitro via a run-off T7 transcription reaction, using complementary DNA templates in 10 1.5-ml reactions using 1.6 mM DNA template following established procedures (31±33). HPLC-puri®ed oligodeoxynucleotide templates were purchased from Interactiva (Germany) (1 mmol scale). The two DNA strands were annealed by incubating at 65°C for 5 min followed by slow cooling to room temperature. The templates were then incubated at 37°C with the four rNTPs, PEG-8000, T7 RNA polymerase and transcription buffer containing Tris, spermidine, Triton X100 and DTT. The RNA transcripts were puri®ed on 15% acrylamide gels containing 7 M urea in TBE buffer. The RNA products in the gel were visualized by UV shadowing, and the bands cut from the gel were macerated, electroeluted under sterile conditions at 4°C using an Elutrap electroeluter (Schleicher & Schuell) and dialyzed against decreasing concentrations of NaCl (1±0.1 M) in 10 mM sodium phosphate buffer at pH 7. The dialysate was lyophilized and subsequently exchanged to an appropriate buffer by microdialysis for NMR analysis (see below), gel electrophoresis and analytical ultracentrifugation. The last procedure was carried out on a Beckman Optima XLA instrument recording the A 260 of~1 mM samples at 20°C, as previously described (34) . The yield of puri®ed RNA from 10 reactions was at least 5 mg for both SECIS. Two independent syntheses were carried out for both RNA species, and the products were found by NMR and analytical electrophoresis to be essentially identical. This indicates that the folding of the two RNAs was reproducible and reversible.
NMR spectroscopy
RNA samples were equilibrated in 10 mM Na phosphate, 100 mM NaCl pH 6 at a concentration of~0.9 mM. NMR spectra in H 2 O were recorded at 600 and 800 MHz on Varian Inova NMR spectrometers at 5 or 10°C. Watergate (35) was used for solvent suppression for H 2 O samples. For NOESY spectra, mixing times of 100 and 200 ms were employed. Samples were then lyophilized and redissolved in 100% D 2 O for further analysis of non-exchangeable protons using TOCSY (50 ms mixing time) and NOESY (mixing times of 50±50 ms). 31 P NMR spectra were recorded at 14.1 T using a 5 mm switchable pfg probe.
UV melting
Thermal unfolding studies were carried out in a Cary300 UV spectrophotometer equipped with a computer-controlled sixplace Peltier cell holder. Temperature was measured directly in the cuvette. Solutions at an absorbance of 0.5±1 unit at 260 nm were degassed and introduced into the cuvette, and allowed to incubate at 15°C for 20 min. The solution was then heated at 0.25, 0.5 or 1°C/min until after the melting transition. All solutions were scanned at least twice, and independently measured three times to determine the reproducibility. T m was determined from the derivative of the A 260 versus T plot, and also by ®tting the absorbance pro®le A(T) to the equations:
where e F is the absorption coef®cient of the folded form, De is the difference in the absorption coef®cients for the unfolded and folded forms, u is the concentration of the unfolded form and r t is the total concentration of RNA. For a simple unfolding reaction characterized by an equilibrium constant K, equation 1 can be written as
Assuming an insigni®cant difference in heat capacity between the folded and unfolded states, the equilibrium constant K is 
where T 0 is a reference temperature, which for a single transition can be taken as the melting temperature T m , at which temperature K 0 = 1. This provides the enthalpy change DH for the unfolding reaction. Since equations 2 and 3 did not fully account for the data, the possibility of sloping baselines was considered. Assuming essentially linear baselines, the absorption coef®-cients were treated as
where a is the slope of the line. This formalism means that the hyperchromicity can be obtained at T = T m in a straightforward manner.
RESULTS
Initial characterization of the two SECIS
The puri®ed RNA products were analyzed on analytical 15% acrylamide gels in the presence or absence of 7 M urea. A single band was observed with ethidium bromide staining for each product. The products were also characterized by analytical ultracentrifugation. Assuming a partial speci®c volume v of 0.53 ml/g (34), the TrxR SECIS gave an apparent molecular weight of 19 T 1 kDa which is close to the chemical molecular weight of 16.5 kDa. The discrepancy between these two values re¯ects the uncertainty of the partial speci®c volume of the RNA oligonucleotides. In addition, no non-ideality or evidence of concentration-dependence was observed, indicating that the oligonucleotide was monomeric. In the case of GPX RNA, the apparent molecular weight, assuming again a partial speci®c volume v of 0.53 ml/g was 20.6 T 1 kDa, in agreement with a chemical molecular weight of 19 kDa.
UV melting analysis of the two SECIS
Nucleic acids with secondary structures (even short stem±loop structures) show cooperative transitions that can be detected by the hyperchromicity associated with the disruption of the base pairing and unstacking (36) . Under a given set of conditions, the melting temperature is characteristic of the number of base pairs involved in the cooperative transition, the fraction of GC base pairs and penalties for mismatches (28,37±39). Thus we performed UV melting studies on the two SECIS to assess their relative stability and to provide an indicator of the extent of secondary structures that are present. Figure 1 shows the UV melting pro®le of the two SECIS under the same buffer conditions. The melting transition was fully reversible in each, and was independent of heating rate in the range 0.25±1°C/min. The TrxR SECIS showed a single cooperative transition centered at 60 T 1°C. The ®t to the absorbance pro®le assuming¯at baselines was poor. However, by including linearly sloping baselines, a much better ®t was obtained (Fig. 1A) . The curves were highly reproducible, giving the average thermodynamic values shown in Table 1 . The signi®cant enthalpy change and hyperchromicity demonstrates that the molecule has a stable folded structure involving stacked base pairs. The magnitude of the enthalpy change is consistent with the presence of~7±8 Watson±Crick base pairs assuming an average enthalpy change per base pair of~37 kJ/mol (39) . This calculation may underestimate the number of pairs involved, as the structure may contain mismatches and internal loops which generally decrease the observed total enthalpy change (39) .
The GPX SECIS showed a single cooperative transition at 74°C (Fig. 1B) . As for TrxR, the transition was reversible and independent of concentration and heating rate. The derived thermodynamic parameters are given in Table 1 and are consistent with the presence of~8±10 stable base pairs in the folded GPX. Thus the GPX SECIS is more stable than the TrxR SECIS as shown by the higher T m value and the free energy difference at 37°C.
H NMR spectroscopy of TrxR SECIS
The chemical shifts of imino protons are good indicators of the nature of hydrogen bonding interactions, and therefore secondary structure. Figure 2 shows common base-pairing schemes found in RNA and proposed for the SECIS studied here. The chemical shift ranges of the imino protons observed for each structure is also shown.
The low-®eld region of a 1D NMR spectrum of the TrxR SECIS recorded at 800 MHz is shown in Figure 3A . At 10°C and pH 6, the spectrum was well resolved with mainly sharp resonances between 11 and 14.5 p.p.m., which are typical of Watson±Crick or G.U wobble base pairing. The TrxR SECIS showed 16 resonances in this region. Between 9 and 11 p.p.m., there are six to seven broad peaks that became more intense at 5°C (data not shown), indicating exchange broadening at higher temperature and absence of stable H-bonding. This is typical of either unpaired imino protons or imino protons H-bonded to oxygen. Hence a total of 22±23 imino protons were observed, which is very close to the maximum possible number of imino protons in the 51 nt SECIS (i.e. 26).
To discriminate between G.C and U.A base pairs, and other base pairs such as the G.U wobble pair, additional information is needed. The distinction can be made based on NOE intensities corresponding to characteristic short proton±proton distances. In a G.C base pair, NOEs are expected between the GN1H (11±13 p.p.m.) and N4 (6±8.5 p.p.m.) amino protons of the complementary C (Fig. 2) . In an A.U base pair, the NOE is between the UN3H (13±15 p.p.m.) and the C2H (7±8 p.p.m.) of the complementary A. Figure 3B shows the imino-aromatic region of the NOESY spectrum of the TrxR SECIS. The two down®eld imino proton resonances at 14.4 and 13.6 p.p.m. showed NOEs to sharp resonances in the 7±8 p.p.m. region (Ade C2Hs) and can be assigned to UN3H involved in A.U base pairs. A broader resonance at 14.05 p.p.m. also showed a single strong NOE to a resonance in the 7±8 p.p.m. region, indicating the presence of a third less stable AU base pair. Resonances in the region 11.5±13.4 p.p.m. showed strong NOEs to pairs of resonances at 8±8.5 p.p.m. and 6.5±7 p.p.m. characteristic of the non-equivalent amino protons in CG base pairs. These amino protons also gave intense mutual NOEs (not shown). Thus it is possible to count the number of stable GC (7) and AU Watson±Crick base pairs (3). Sharp imino proton resonances between 11 and 12 p.p.m. not accounted for by Watson±Crick base pairs are likely to be non-canonical base pairs such as G.U, which usually do not show NOEs to pairs of amino protons. Figure 3C shows two strong imino±imino proton crosspeaks in the spectral region 11±12 p.p.m.. These protons, not accounted for by G.C or A.U base pairs, showed NOEs only to amino protons in the 6.5±7 p.p.m. range (Fig. 3B) . This signature is characteristic of the G.U wobble base pair. Hence the TrxR SECIS contains at least seven G.C, three A.U and two G.U base pairs, accounting for 14 imino protons. The two remaining imino protons, at 12.0 and 13.1 p.p.m. (Fig.3A) , were broad, suggesting exchange, and showed no unambiguous NOEs. However, their chemical shifts are not consistent with free unpaired G or U (usually found at~10 p.p.m.), suggesting that they may participate in weakly H-bonded structures such as wobble G.A base pairs but not the sheared G.A base pair (cf. Fig. 2) .
Sequential assignments were obtained using the NOEs between the imino protons of neighboring base pairs, as shown in Figure 3C . For example, imino resonances at 12.4, 13.3, 13.6, 11.85, 14.4, 11.95 and 11.44 are sequentially connected by NOEs (Fig. 3C ) and therefore de®ne a mini-helix of sequence GGUGU(G.U) which can be ®tted in the lower stem of the predicted TrxR SECIS structure (Fig. 4B) . Further connectivities from the helix were either not present or ambiguous. However, NMR data showed that the ®rst G.C base pair of this stretch was stable, as was the terminal G.U wobble base pair. This indicates that additional bases or base pairs may be stacked at each side of the helix, which would reduce the end fraying usually responsible for ready chemical exchange. Within the context of the model, this would indicate that the bases prior to G10.U44 interact with the helix, and also that the A16 base may bulge out to allow stacking of the two helices at the C15±G39/G17±C38 junction. The NOESY spectrum also showed an isolated sequential correlation between two other G.C base pairs, plausibly C25±G33 and C26±G32. Helices that are 2 bp long are not stable and, for the reasons described, we expect the two G.C base pairs above to have bases stacked at either end. Finally, the A.U base pair at 14.05 p.p.m. showed NOEs to a G.U base pair at 11.2/11.5 p.p.m.. The only possible match in the predicted secondary structure is found if U20±A35 stacks against G24±U34. This would indicate that the two conserved adenines are bulging out from the stem. Excluding possible sheared G.A mismatches (cf. 26) in the lower stem, the model shown in Figure 4 predicts ®ve unpaired NH resonances. However, the NMR spectrum showed evidence for about six or seven such protons, suggesting that there are additional unpaired G and U residues, such as the U at the bottom of the core sequence (Fig. 4B) .
Therefore we were able to sequentially assign the H-bonded residues involved in secondary structure elements and the number of residues that were not involved in secondary structures, such as in the apical loop region. The assignments are given in Table 2 , and they provide direct evidence for the formation of two of the predicted helices and indirect evidence for the formation of the third as well as for interhelical base stacking and for splaying out of two functionally relevant adenines.
Further information is provided by the TOCSY spectrum in H 2 O and TOCSY and NOESY spectra in D 2 O. In the TOCSY experiment, the expected number of H6±H5 cross-peaks for U and C was observed (see Supplementary Material). However, their intensity was variable, which may re¯ect the presence of unpaired U and C (see above). Only a few H1¢±H2¢ crosspeaks were visible (not shown) which suggests that a small number of residues have C2¢-endo character and are either very mobile or are involved in non-canonical structures, probably in the apical loop and unpaired extremes of the stem. This result also indicates that the majority of the sugars of TrxR SECIS are essentially C3¢-endo and therefore engaged in canonical A-form RNA helices. Figure 5A shows the 1D NMR spectrum of GPX SECIS in H 2 O at 5°C. There were two main groups of resonances: sharp region, and six to seven between 10 and 12 p.p.m., for a total of 21±23 imino protons. However, the number of proton resonances in the 10±12 p.p.m. region is probably underestimated as the degree of exchange with solvent was substantial. The maximum number of NH protons expected for the GPX sample is 29, which suggests that some resonances were too exchange-broadened to be observed. To a ®rst approximation, the GPX SECIS contains only~15±16 stable base pairs. Figure 5B shows the imino-aromatic region of the NOESY spectrum of the GPX SECIS. This shows that there were only two stable A.U base pairs, and nine or ten stable G.C base pairs. However, some of the GN1H resonances were strongly overlapped. This is evident in the 1D spectrum (Fig. 5A) , where the peaks at 12.20, 12.64 and 13.25 p.p.m. integrated to twice the area of the well separated UN3H resonances at 13.8 and 13.95 p.p.m. which each comprised a single proton. These two U resonances showed two NOEs to GC base pairs (Fig. 5C) , and are useful anchor points for the assignment of two short helical stretches. One helix can be traced by starting at the single G.C peak at 12.5 p.p.m., with imino-proton cross-peak correlations 12.5±13.8±13.1±12.62 p.p.m.. This sequence is GUGG. Similarly, a second sequence is 12.62± 13.95±12.2±12.62 p.p.m., which also corresponds to GUGG. However, because magnetization can be transferred between imino protons that are 2 bp apart by spin diffusion, the overlap of the GN1H resonances at 12.2 and 12.64 p.p.m. makes this assignment ambiguous. Thus an alternative possibility is that the cross-peak between 12.2 and 13.95 is a long-range NOE between i and i + 2 base pairs and the direct correlations for this second stem (13.95±12.62±12.2) de®ne a UGG sequence. Although both cross-peaks remained at a shorter mixing time (100 ms), the direct pathway is more likely (as indicated in Table 3 ). However, this still does not formally rule out spin diffusion in such a large molecule. A third set of correlations (12.8±13.3±13.42) de®ned a third stem that is unambiguously a GGG helix. The ®rst two sequences can be ®tted in the helical regions of the RNA stem as predicted by the model of Grundner-Culemann et al. (21) (Fig. 4A) . The GGG sequence is unique and must arise from the bottom stem below the core, i.e. involving G2C57, C3G56, C4G55 (Fig. 4B) . The two GUGG stretches (or GUGG and GGU, if spin diffusion is responsible for the 12.2±13.95 cross-peak described above) would correspond to the mini-helices prior to the apical loop. The assignments of the exchangeable protons for GPX SECIS are given in Table 3 .
H NMR spectroscopy of GPX SECIS
No correlation was visible between these two mini-helices, indicating that the bulging U17 disrupts the integrity of the stems. However, the fact that G38 N3H was visible indicates that some base stacking was present. We found no evidence of stable G.U base pairs, such as the predicted G10U45 (Fig. 4A) . Furthermore, as we observed only two stable A.U base pairs, other potential A.U base pairs must be unstable, such as those at the end of the helical regions.
The broad resonances in the 10±12 p.p.m. region probably arose primarily from unpaired G and U imino protons, of which some are in the apical loop and others are in the conserved AUGA/GA motif in the core. As the 12±14 p.p.m. region only accounted for 15±16 protons and some H-bonded GN1H were not accounted for in the mini-helices assigned above, there may be other non-canonical base pairs present. The absence of correlations and their exchange with solvent implies that they were at best weakly H-bonded. The data are not consistent with the sheared G.A mismatch motif (cf. Fig. 2 ) in the core region, but other G.A base pairing cannot be ruled out. For example, the wobble G.A base pair, which has the GN1H at~12 p.p.m., is a possibility (39, 40) . However, the predicted internal loop formed by these tandem wobble G.A base pairs would probably be very unstable.
P NMR of TrxR and GPX SECIS
In both normal DNA and RNA duplexes, the range of phosphodiester torsion angles is relatively uniform, giving rise to a small dispersion in chemical shifts, typicallỹ 0.6±1 p.p.m. (39, 41) . However, mismatches and tight loops can cause substantial changes in chemical shifts of backbone phosphates (30, 37, 39, 41, 42) . The 31 P NMR spectra of TrxR and GPX SECIS (see Supplementary Material) were largely unresolved envelopes with a width of~1.5 p.p.m. and 1.3 p.p.m. respectively (including the down®eld 5¢ phosphate). This appears to rule out the changes in phosphodiester backbone torsions associated with tight turns and G.A sheared base pairs¯anked by G.U base pairs such as the ones that have been suggested for the SECIS core region (26) , but is consistent with other non-standard base-pairing schemes such as G.A wobble base pairs¯anked by G.U base pairs (39) .
DISCUSSION
Despite the large sizes of TrxR and GPX SECIS, high magnetic ®eld strength NMR has enabled us to determine the secondary structure of these two RNAs. Our results lend support to the notion that there are two forms of SECIS (21) that differ in the size of the apical loop and the relative location of the conserved AA sequence (Fig. 4B) . The NMR data also indicate the formation of one long and two short helical stems in the TrxR SECIS and of three short helical stems in the GPX SECIS. The UV melting data showed that the TrxR SECIS underwent a single melting transition whose T m and enthalpy change (Table 1) are consistent with that expected for the melting of a duplex region of the sequence GGUGU(G:U). The very short helices comprising only 2 bp are likely to melt at lower temperature with low cooperativity. The GPX SECIS also melted in a single cooperative transition at a signi®cantly higher temperature than TrxR SECIS, and with a larger hyperchromicity. This suggests the presence of more base pairs and/or greater GC content in the cooperative unit. The sloping baseline in both cases was substantial, indicating the possibility of signi®cant fraying of weakly stable structures at temperatures well below the T m such as from the ends (TrxR), the apical loop or the core sequences.
In both SECIS models (Fig. 4A) , the conserved GA sequences would be closed by a G.U base pair stacking on the neighboring G.A base pairs. Although in the TrxR SECIS a stable G.U base pair did form at the boundary between the lower stem and the core, other features of the model are dif®cult to reconcile with our data. The TrxR predicted core sequence will require a novel structure with three successive G.A base pairs (denoted by green dots in Fig. 4A ) which were suggested to be of the sheared type ( Fig. 2) (26) as found in GNRA loops (43) and tandem G.A mismatches (28, 38, 39) . We have found no evidence for this kind of base pair. The presence of GN1H resonances in the 12.5±13 p.p.m. region (Fig. 3A) other than those involved in G.C base pairs is consistent with the presence of wobble G.A base pairs. Furthermore, sheared tandem G.A mismatches closed by a G.U base pair typically have a large 31 P NMR shift dispersion (39) , whereas the 31 P NMR dispersion in the TrxR SECIS was moderate. This is again consistent with wobble tandem G.A base pairs closed by a G.U base pair.
For GPX SECIS, the NMR data are compatible with those obtained from nuclease digestion and chemical modi®cation experiments (26) . The latter data provide evidence for the presence of single strands in the large apical loop and structured regions in the stem and core sequences, as inferred from accessibility to base-modifying agents and nucleases. Also consistent with the NMR data is the accessibility of several of the base pairs, especially those adjacent to the apical loop and possible mismatches in the AUGA region.
In addition, the NMR data for GPX SECIS are consistent with one of the low energy GPX structures predicted by M-fold, i.e. a GC-rich stem followed by the core sequence which forms an internal loop and then by another base-paired stem (cf. Fig. 4B ). Correlations between the RNA H-bonded imino protons con®rm the presence of the GC-rich stem and the clear delineation of the core region. Although formation of the two AG base pairs is possible (Fig. 4A) , the resulting lengthy run of unstable mismatches would be thermodynamically unstable.
The¯exible apical loop and core structures of the mammalian SECIS are expected to be involved in the binding to proteins participating in the translational machinery. For example, the conserved AUGA sequence was reported to be required by SBP-2 binding. Such interaction differs from that present in prokaryotes, where a structured apical tetraloop is essential to the SelB recognition while no conserved AA or conserved G.A mismatch structure is involved (18) . Moreover, the mammalian SECIS binding protein SBP-2 has little sequence homology with SelB or EFTu, but is predicted to have an RNA binding domain (44±46).
The differential interaction of SBP-2 with various SECIS RNA core regions (44±48) could provide a functional explanation for the ranking of different RNAs in the SEC incorporation process. However, there remain important issues concerning the structural and sequence features present in the apical part and the length of the stem in the SECIS. The optimal length of the SECIS stem has been shown to vary between 8 and 12 nt (21) . In some SECIS, the stem is interrupted either by a bulging base (as is the case for both TrxR and GPX) or by a mismatch. Such a feature could also in¯uence interactions with translational proteins and therefore SeC insertion ef®ciency.
Clearly, a full structure determination with isotopically labeled material is needed to obtain a more detailed structural insight into the precise roles of these elements.
